In this study, we investigate the possibilities of selectively electrodepositing Cu on surface defects created in p-type and n-type Si͑100͒ by scratching the surface with the tip of an atomic force microscope ͑AFM͒. Nanosized grooves were produced on Si surfaces with a diamond-coated AFM tip at heavy forces. Cu was electrodeposited on these grooved surfaces from a 0.01 M CuSO 4 ϩ 0.05 M H 2 SO 4 electrolyte under various conditions. The results clearly show that defects created on H-terminated p-type Si͑100͒ lead to an enhanced reactivity, i.e., preferential Cu deposition at such defects is possible. However, a much higher degree of selectivity of the deposition is obtained if AFM-induced grooves are produced on surfaces that carry a native oxide layer. The masking effect of this insulator film is demonstrated by selective Cu electrodeposition into scratches on oxide-covered p-and n-type silicon. After an optimization of electrochemical parameters, we achieved the deposition of uniform and well-defined nanostructures. The process presented here opens new perspectives for selective electrodeposition and direct patterning of Si surfaces.
In recent years, copper electrodeposition has become of great interest to the microelectronics and microsensor industries. Copper layers are used as electrical interconnections ranging from several micrometers down to a few nanometers thick. 1 More recently, copper deposition on insulating interlayers has been introduced as a replacement for aluminum in ultralarge-scale integration metallization for improved interconnects. [2] [3] [4] [5] [6] [7] [8] But direct metal deposition on silicon is also of interest to electronic device technology, for example, to build Schottky diodes on semiconductor surfaces. [9] [10] [11] Patterned metal deposition on semiconductor surfaces is typically carried out using different indirect methods such as photolithography combined with metal evaporation, electrodeposition, or molecular beam epitaxy. In contrast to indirect patterning techniques, which demand masking, direct patterning approaches have been far less explored. Recently, it was demonstrated that porous Si growth can be electrochemically initiated preferentially at surface defects created in an n-type semiconductor substrate by Si 2ϩ focused ion beam ͑FIB͒ bombardment. 12, 13 Selective copper deposition has also been performed on a p/n junction showing preferential deposition at the p/n-border region, 14, 15 which has been ascribed to differences in the reactivity due to the doping type and concentration. 15 More recently, it was shown that after FIB defect writing in p-type Si, selective metal electrodeposition in the defective regions is possible. 16 In this case, the introduction of defects on the semiconductor surface using an FIB allows one to realize patterning in the submicrometer range. Other nanopatterning approaches are based on scanning probe microscopy ͑atomic force microscope, AFM; scanning tunnel microscope, STM͒ approaches. These tools have been widely used for surface imaging with atomic resolution ͑see, e.g., Ref. 17 and 18͒. But AFM can also be used to investigate the mechanical properties of surfaces, or to nanomachine surfaces in the micro-and nanoscale, e.g., in scratching and wear. 19 It has been demonstrated that it is possible to obtain nanoscratches on a silicon surface using an AFM equipped with a monocrystalline diamond tip. 20 Other works have investigated in situ modification of surfaces by in situ STM. The process involves metal deposition from the solution on the tip and subsequent transfer of metal from the tip to the substrate by an appropriate tip approach. [21] [22] [23] The technique was used first on single crystalline metal substrates and then on semiconductor surfaces. 24 Furthermore, Müller et al. 25 reported that terminal azide groups of a self-assembled monolayer on a glass slide surface were converted to amino groups in hydrogen-saturated isopropyl alcohol only in the regions scanned with a Pt-coated AFM tip. Other work has shown that electrochemical dissolution of a p-GaAs͑100͒ electrode in H 2 SO 4 solution is accelerated by scanning with an AFM tip. 26 This in situ AFM study has also shown that electrodeposition of Cu on the p-GaAs surface selectively occurs at the modified sites.
The aim of the present study is to follow up on the abovementioned FIB work, i.e., to investigate the possibility of selectively electrodepositing metals on surface defects on semiconductors. However, in this work surface defects are introduced by AFM. Nanosized scratches are produced by scanning a Si surface with diamond-coated AFM tip at heavy forces. The reactivity of these mechanical defects is then studied to explore the possibility of selective copper electrodeposition in the defective regions of the surface.
Experimental
Experiments were carried out on silicon ͑100͒ wafers ͑p-type: 1 to 10 ⍀ cm; n-type: 2 to 6 ⍀ cm͒. Prior to the experiments, a 250 nm layer of SiO 2 was grown on these wafers. Into this oxide film, arrays of square openings with a size of 200 ϫ 200 m were etched using classical photolithography. This prepatterning was carried out as an aid for locating the nanostructures subsequently deposited in the openings. The patterned wafers were cleaved to samples of 0.7 ϫ 0.7 cm, and the pieces were degreased by subsequently sonicating in acetone, isopropanol, and methanol and then rinsing with distilled water. If not noted otherwise, prior to the experiments, the samples were dipped in 1% HF for 1 min to remove the air-formed native oxide layer. After an AFM treatment as described below, the sample was dipped again in 1% HF for 1 min and rinsed in distilled water. The back contact to the Si electrodes was established by smearing InGa eutectic on the back side of the sample. The samples were then pressed against an O-ring of the electrochemical cell leaving 0.113 cm 2 exposed to the electrolyte, which consisted, for copper deposition, of 0.01 M CuSO 4 ϩ 0.05 M H 2 SO 4 . The electrolyte was open to air prior to and during the measurements. All solutions were prepared from analytical grade chemicals and deionized water. The electrochemical cell was placed in a black box to avoid uncontrolled photoelectrochemical effects.
AFM scratching and imaging were carried out with an Auto Probe CP from Park Scientific Instruments. Because of their high hardness, diamond-coated tips provided by Park Scientific Instruments were used for these experiments. Undoped silicon ͑111͒ shows a plastic deformation at 20 N. 20 To apply sufficient loads for deformation, the cantilever force constant had to be high ͑17 N/m͒. AFM imaging was carried out in contact mode at a constant force of 100 nN. The images were treated using the manufacturer's software with a second-order flattening routine. To enable AFM scratching, the feedback loop was turned off, and the sample was pressed against the tip by moving the sample table upward by an increment of 0.5-1.5 m ͑the value of this displacement corresponds to different scratching forces͒. Grooves then were made by scanning the sample in the x or y direction at 20 m/s for a determined number of cycles. Within this work, the number of cycles ͑n͒ was kept constant at n ϭ 10.
Auger electron spectroscopy ͑AES͒ with a PHI 670 was used for chemical surface analysis. During these experiments, the probe was scanned on the sample in the perpendicular direction of the scratches, registering the Si signal at 922 eV and Cu at 1621 eV. Scanning electron microscope ͑SEM͒ images were acquired with a Philips XL-30 field emission gun SEM.
Results and Discussion
AFM scratching.- Figure 1a shows an AFM image of a silicon surface carrying four 40 m long AFM scratches that are 5 m spaced. The scratches were produced with different loads ͑from left to right: 23, 20, 17, 14 N͒. The scratches are very well defined. No debris can be seen in the image because the abraded particles were swept out of the observation window during the observation scanning of the surface. This was evident from optical microscopy and investigations. This cleaning effect is possible because the created Si particles do not adhere well to the silicon surface. This is in line with the literature, where it has been suggested that the wear debris is loose and the material is removed layer by layer. 27 In the present study, a sonicating treatment was also able to eliminate the debris. This method of cleaning the surface was more effective and faster than AFM-scanning of the surface. Therefore, in this work, after creating scratches, samples were always cleaned by sonicating successively in acetone, isopropanol, methanol, and deionized water for 1 min followed by another dip in 1% HF for 1 min.
The topography of the scratches is apparent from the AFM height profile in Fig. 1b . Clearly, the applied normal force has a strong influence on the scratch morphology. As expected, the scratch size increases with increased load. The grooves show a uniform V-shape and the dimensions vary between 8 and 25 nm deep and between 90 and 240 nm wide. The protrusions along the sides of the scratches correspond to surface deformation induced by the mechanical treatment and indicate the presence of stress.
The dependence of depth and width of the grooves on the applied force is shown in Fig. 2 . As previously reported in the literature, 28 scratch depth and width increase linearly with load. Note that the depth-to-width ratio is very small ͑approximately 0.1͒. From our results ͑see Fig. 2͒ , the value of first plastic deformation on the Si͑100͒ surface is estimated to be near 14 N. In the literature, it has been reported that crystallographic orientation and doping concentration have a nonnegligible influence on the nanomechanic properties of silicon. The scratching resistance decreases with an increase in the doping concentration, and the ͑100͒ orientation exhibits a smaller wear resistance than the ͑111͒ surface. Thus, our results correspond reasonably well with the value of 10-20 N given in the literature 27 for the plastic deformation limit of Si. Several additional factors play a role for an optimized mechanical creation of grooves in an Si surface. The effect of scanning velocity on wear has been studied, but its influence was negligible. 29 As silicon removal seems to take place layer by layer, the number of cycles can be used to increase the groove depth. In the literature, this influence was studied in the context of wear investigations. 29 Another factor that influences the well-defined creation of V-grooves is the degradation of AFM tips by wear. The lifetimes of the diamond-coated tips used were about 100 to 200 scratches; after that, erratic results were obtained. Thus, in the present study, the tips were replaced after fabricating 50-80 scratches.
Copper electrodeposition.-The electrochemical behavior of semiconductors in contact with an electrolyte has been extensively described in the literature ͑see, e.g., Ref. 30-32͒. The semiconductor/ electrolyte interface can be compared to a Schottky diode. Depending on the sign of the applied voltage ͑U͒ with respect to the flatband potential (U FB ), the field in the space charge layer within the semiconductor can lead to majority carrier depletion or accumula- tion at the electrode surface. In electrochemical experiments with p-doped substrates, the cathodic potential range corresponds to the current blocking state of a diode, whereas in the anodic range current, passing conditions are established. For n-type semiconductors, depletion and accumulation situations are reversed, i.e., current blocking behavior is observed at anodic potentials and passing behavior at cathodic potentials. Therefore, in experiments that aim at a uniform cathodic electrodeposition of metals on semiconductor surfaces, generally n-type material is used as it exhibits a ''conductive'' behavior under cathodic bias ͑see, e.g., Ref. 33-37͒. In principle, p-type materials can also be used if the surface is uniformly illuminated with light of a sufficient energy that creates the necessary charge carriers in the space charge layer. However, with p-type materials in the dark, the blocking state breaks down at a specific potential (U Bd ) that has been ascribed to Schottky barrier breakdown ͑SBB͒ of the junction. As a result, electrochemical reactions, such as metal deposition, become possible at potentials negative to the breakdown potential. This current flow at U Bd corresponds to electron transfer by tunneling or collision processes. 32, 38 Previous work 16 has shown that SBB is facilitated at surface defects. Therefore, defects created by Si 2ϩ ion implantation in p-type Si allow a selective metal deposition in the bombarded zone, as deposition occurs at less negative potentials than on the untreated surface. As mentioned above, part of the present work addresses the question of whether or not this principle can also be used for mechanical defects introduced by AFM. Figure 3 shows typical current-voltage curves in CuSO 4 (0.01 M) ϩ H 2 SO 4 (0.05 M͒ for an intact sample and a sample carrying five identical scratches of a nominal width of 100 nm, a length of 40 m, and a depth of 10 nm. For the intact sample, starting from the open-circuit potential ͑OCP͒, with an increasing cathodic voltage ͑potential͒, the current increases up to a plateau region. In this region, the current is controlled by holes that overcome the charge carrier depletion region ͑Schottky barrier͒ at the semiconductor/electrolyte interface by thermal activation. At a potential of approximately Ϫ400 mV ͑vs. Ag/AgCl electrode͒, the current increases significantly. This potential corresponds to the onset of copper deposition. For potentials more negative than Ϫ550 mV, a further current increase is observed due to the hydrogen evolution reaction. For the scratched sample, the first significant current increase appears at Ϫ200 mV ͑vs. Ag/AgCl͒. Although the scratched area is significantly smaller than the total area exposed to the electrolyte, the current density in the plateau region is approximately ten times higher than that for the intact sample. Figure 4 shows SEM images of an intact and a scratched sample after an electrochemical treatment from OCP to Ϫ2 V ͑vs. Ag/ AgCl͒. It is evident that for the scratched sample Cu deposition does not occur uniformly over the surface but is enhanced in the scratched regions. As in this experiment polarization was extended into the potential region where copper deposition also takes place on the intact surface, no selectivity is expected. However, the findings indicate that the presence of defects introduced by AFM scratching leads to a local activation of the surface.
Selective metal deposition is expected to take place if a scratched surface is polarized at a potential between the U Bd for the scratched surface ͑ϷϪ200 mV͒ and the U Bd for the intact surface ͑ϷϪ400 mV͒. Figure 5 shows, at different magnifications, the copper deposit obtained after a potentiostatic polarization at Ϫ400 mV ͑vs. Ag/ AgCl͒ for 20 s. The lower magnification SEM image ͑Fig. 5a͒ clearly demonstrates that deposition of copper occurs at this potential preferentially within the AFM-treated zone. A high number of Cu crystallites is found in the sensitized zone ͑along and in the vicinity of the scratches͒, whereas no crystallites are found on the intact surface sufficiently far from the scratches. A higher magnification ͑Fig. 5b͒ reveals that even though the deposit is concentrated in the defect zone, there is no metal deposit directly within the scratches. Hence, it seems that the surface close to the grooves is more sensitized than the area within the grooves. This may indicate that copper nucleation starts on surface dislocations created during the scratching in the vicinity of the scratches ͑likely in the plastic deformation zone͒ because these step and kink sites are thermodynamically favorable for deposition. 39, 40 The mechanically introduced defects therefore create favorable nucleation sites for metal deposition, but the local confinement of the deposition process is not satisfactory.
To avoid the undesired deposition near the scratches and to force the metal deposition inside the grooves, the sample preparation method was modified. The HF dip step was eliminated, and thus the native oxide layer present on the Si surface was not removed. In this case, AFM-scratching was carried out through the native oxide layer into the semiconductor substrate. After scratching, the samples were transferred as quickly as possible to the electrochemical cell. This was done to minimize regrowth of the oxide layer within the scratches and thus to create two zones on the silicon surface, one passivated by the native oxide layer and one activated ͑Si surface within AFM scratches͒. Figure 6 shows three depositions realized at the same potential ͑Ϫ400 mV vs. Ag/AgCl͒ for different time durations ͑1, 15, and 30 s͒ for native oxide layer covered samples. The four grooves were produced identically with a force of 15N leading to a groove approximately 100 nm wide. From Fig. 6 , it is clear that highly selective metal deposition is obtained for this type of sample. In all cases, no copper crystallites are present on the rest of the surface, and the deposited Cu lines are very well defined and confined to the grooves. The longer the deposition time, the wider the deposit lines and the more the lines become defect free. Figure  6a shows the shortest deposition time, and thus the image provides the most information on the initial step of the copper growth. The top left inset image presents a higher magnification of the smallest copper line. These images show that deposition is initiated on the scratch edges. At short deposition times, there are two copper lines apparent on one scratch; for longer deposition times, coalescence of the two lines into a single Cu line occurs. The crystallite morphology suggests that initiation and growth of the 3D metal ͑Me͒ phase follows the Volmer-Weber or island growth mechanism. 41 This is in line with the observation of generally weak Me ads -semiconductor interactions. 42 Figure 6 indicates that, at the Si/SiO 2 interface, copper nucleation is facilitated, which may be attributed to a high defect concentration at the interface zone. For extended deposition times, copper overgrowth of the insulating native oxide layer can occur. The best-defined lines were obtained for a deposition time of 15 s ͑Fig. 6b͒. In this case, the copper overgrowth was minimized, and homogeneous and continuous Cu lines were obtained.
Characterization of Cu deposits.-The Cu deposits obtained were characterized by SEM, AFM, and AES. From AFM and SEM observations, the dimensions of typical lines were extracted. In Fig.  7 , the average width and the height of the deposited lines are plotted vs. deposition time. The width was measured both with AFM and SEM; the height was obtained from AFM cross sections. The width values obtained by AFM are higher than those measured by SEM, which can be attributed to convolution effects of the tip with the deposit topography. 43 As expected, both width and thickness increase with the polarization duration, but the time dependence appears to be different for thickness and width. After the initiation period, the width increases almost linearly with the deposition time. The thickness evolution vs. deposition time is not linear; the slope decreases with time. From Fig. 6 it is further evident that even for the shortest deposition time the width of the Cu deposit is significantly larger than the nominal scratch width of approximately 100 nm. This must be attributed to the 3D growth mode and the initiation process along the borders of the grooves.
To characterize the copper distribution over the surface, the intensity of the AES Cu and Si peaks were acquired as a function of the distance perpendicular to the deposited lines. Figure 8 shows the results for an AES scan across the sample of Fig. 6b . As expected, the Cu signal was the highest in locations where the Si was the lowest. The width of the Cu peaks is in good agreement with those measured from the SEM image. More importantly, between the lines no trace of Cu could be detected. Even when a ϳ16 m 2 square area situated between two copper lines was analyzed with high integration time, the presence of copper could not be detected. This demonstrates that metal deposition occurs only in the AFM scratches, and thus a high degree of selectivity can be achieved by this method.
To assess the masking effect of the native oxide layer vs. the effect of preferential deposition at defects ͑as found in Fig. 4 and 5͒, some experiments were carried out on n-type silicon under the same conditions as for p-doped silicon. As n-type Si does not show a blocking current behavior under cathodic bias but exhibits essentially a metallic conduction behavior, the scratches introduced by AFM cannot ''activate'' the surface by deblocking the junction. Thus, any selectivity effect observed on scratched n-type material must plainly be ascribed to a masking effect of the intact native oxide layer surrounding the scratches. Figure 9 shows a SEM image of an n-type Si sample that was scratched through the native oxide layer ͑three identical scratch lines that are spaced by 10 m and are 100 nm wide and 10 nm deep͒ after copper electrodeposition by a cathodic potential step to Ϫ600 mV in CuSO 4 (0.01 M) ϩ H 2 SO 4 (0.05 M). This experiment illustrates the masking effect of the SiO 2 layer. The metal is confined within the scratches, and no crystallites can be seen on the rest of the surface. AES profiles also show in this case the absence of Cu in the vicinity of the lines. The width of the metallic lines ͑ϳ1 m͒ is larger than the AFM scratches ͑100 nm͒ because some overgrowth has taken place. As was already observed on p-type silicon, the deposits show a double line morphology, indicating that the preferred nucleation sites are again along the borders of the scratches, most likely at the Si/SiO 2 interface.
Note that not only lines but also other patterns ͑e.g., squares, such as shown in Fig. 10 for p-type Si͒ can be selectively deposited into openings scratched with an AFM tip into the masking oxide layer. Also, in this case nucleation of deposits starts along the edges of the square and subsequently covers the rest of the opened surface. This additionally supports the concept that Cu growth is initiated at the Si/SiO 2 interface.
Conclusions
In the literature, little mechanistic information on nucleation and growth of copper by electrochemical processes on p-type Si can be found, in contrast with the large amount of investigations on n-type Si. The data found in the literature indicates that cation concentration in the electrolyte and temperature have an influence on the copper deposition potential. However, the most important factors are the conduction type and doping concentration of the substrate. 15 Our investigations reveal that defects created by AFM also have a significant effect on the Cu deposition potential. This is clear from the comparison of polarization curves and deposition morphology acquired of AFM-scratched p-type Si with the behavior of an intact sample ͑Fig. 3, 5͒.
These experiments clearly demonstrate that defects introduced to the Si surface by AFM-scratching show an activating effect for electrochemical reactions. The defects introduced facilitate electrochemical copper deposition on p-Si in the dark because the onset potential for metal deposition, deblocking of the blocked state, occurs at significantly lower voltages than for an intact surface. The drawback of the approach is that the most susceptible initiation sites for metal deposition are along the scratches ͑and not within͒, and thus a well-defined patterning ͑as found, e.g., for ion beam-created defects 16 ͒ does not seem possible based on AFM-scratching of an H-terminated Si surface.
However, the work clearly shows that a native oxide layer present on Si can efficiently be used for masking metal deposition on both p-and n-type Si. Scratches produced through this oxide layer using an AFM tip can be used to open ''activated'' patterns on the Si surface. Metal electrodeposition can be performed selectively on these patterns and hence can be used for semiconductor patterning and functionalization by selective electrodeposition in the submicrometer range.
For copper electrodeposition, initiation sites of deposition are the scratch edges, and it seems that the Si/SiO 2 interface plays a key role in the nucleation process. The morphology of the initial deposits strongly suggests a 3D growth mode, which is also expected due to the comparably weak Me ads -semiconductor interaction.
The process presented here opens new perspectives for selective electrodeposition and direct patterning using the activating effect of mechanical oxide removal by an AFM tip together with the masking effect of the native oxide layer. This technique should be applicable to any material that can be electrochemically deposited and thus bears the potential to create nanopatterns of a large palette of materials. Figure 10 . SEM image of Cu patterns generated on ͑oxide covered͒ p-type silicon. The AFM patterns were scratched through the oxide and consisted of two scratches ͑100 nm wide͒ and one square (5 ϫ 5 m). The Cu deposition was carried out by a cathodic potential step to Ϫ400 mV ͑vs. Ag/AgCl͒ for 30 s in CuSO 4 (0.01 M) ϩ H 2 SO 4 (0.05 M).
